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Abstract
The nondetection of neutrinos coming from Gamma Ray Bursts (GRBs) by the IceCube exper-
iment has raised serious questions on our understanding of GRB’s and the mechanism of neutrino
flux production in them. Motivated by this and the need for a precise calculation for GRB neutrino
flux, here we study the effects of beyond standard model physics on the GRB neutrino flux. In
the internal shock model of GRB, high energy neutrinos are expected from muon, pion and kaon
decays. Using the latest best fit neutrino oscillation parameters, we compute the expected flux on
earth for standard as well as non-standard oscillation scenarios. Among the non-standard scenar-
ios, we consider neutrino decay, pseudo-dirac nature of neutrinos and presence of one eV scale light
sterile neutrino. Incorporating other experimental bounds on these new physics scenarios, we show
that neutrino decay scenario can significantly alter the neutrino flux on earth from the expected
ones whereas the corresponding changes for pseudo-dirac and sterile neutrino cases are moderate.
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I. INTRODUCTION
Recent neutrino oscillation experiments have provided significant amount of evidence
which confirms the existence of the non-zero yet tiny neutrino masses [1–5]. The smallness
of neutrino masses compared to electroweak scale can naturally be explained by seesaw
mechanism [6–10], the simplest version of which corresponds to the inclusion of three singlet
right handed neutrinos into the standard model. Although these seesaw models can naturally
explain the smallness of neutrino mass compared to the electroweak scale, we still do not
have a complete understanding of the origin of neutrino mass hierarchies as suggested by
experiments. Recent neutrino oscillation experiments T2K [11], Double ChooZ [12], Daya-
Bay [13] and RENO [14] have not only made the earlier predictions for neutrino parameters
more precise, but also predicted non-zero value of the reactor mixing angle θ13. The latest
global fit value for 3σ range of neutrino oscillation parameters [15] are as follows:
∆m221 = (7.00− 8.09)× 10
−5 eV2
∆m231 (NH) = (2.27− 2.69)× 10
−3 eV2
∆m223 (IH) = (2.24− 2.65)× 10
−3 eV2
sin2θ12 = 0.27− 0.34
sin2θ23 = 0.34− 0.67
sin2θ13 = 0.016− 0.030 (1)
where NH and IH refers to normal and inverted hierarchy respectively.
Although the next generation neutrino oscillation experiments are expected to shed light
on the origin of mass hierarchies as well as the Dirac CP phase, it is worth exploring if there
exists an alternate experimentally verifiable way to understand some of the yet unresolved
issues in neutrino physics. It will be even more exciting if such alternate ways can also
confirm or rule out some of the well motivated beyond standard model frameworks which
may or may not be seen in collider experiments. It turns out that the neutrino telescopes
which have been designed to observe high energy cosmic rays, can be a promising setup to
search for new physics.
The consequences of many such well motivated new physics scenarios on the observations
of neutrino flux observed by neutrino telescopes have been studied by several groups [16–31].
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Motivated by these, here we pursue a similar study on the possibility of observing new physics
at neutrino telescopes. In particular, we focus on high energy neutrinos coming from Gamma
Ray Bursts (GRBs) and present an analysis of how the expected total flux of neutrinos at
neutrino telescopes can change significantly by the presence of new physics. Among new
physics scenarios, we consider neutrino decay, presence of one light sterile neutrino and
pseudo dirac nature of neutrinos.
Inside a GRB, shock accelerated protons may interact with low energy photons leading
to the production of high energy mesons pγ → π+,0X and these pions subsequently decay
to high energy neutrinos π+ → µ+νµ, µ
+ → e+ν¯µνe. This flux has already calculated in
[32–42]. Recently IceCube collaboration has claimed to reach the sensitivity of detecting
neutrino flux from GRBs at TeV energy [43]. The combined operation of Icecube 40 and
59 string for the time period of April 5, 2008 to May 2010 for GRB neutrinos has placed
a tighter upper bound, 3.7 times below the theoretical predictions [44]. [45–47] have re-
calculated the neutrino flux from the 215 GRBs used by IceCube during their period of
detection, and concluded that the neutrino flux predicted theoretically in the papers by
IceCube collaborations is an overestimation.
However pγ in GRBs can also produce high energy neutrons, and they will decay as
n → p + e− + νe to antineutrinos [48]. The other secondary products in pγ interactions
are pγ → K+,0X where X can be either Λ0, Σ0 or Σ+. Kaons decay to lighter mesons,
leptons and neutrinos [49–51]. In [49, 50] the dominant decay channel kaon to neutrino,
K+ → µ+νµ(63%) was taken while we have considered all the channels of K
+,0 decaying to
neutrinos [5]. So one can find the total neutrino flux from GRBs has a contribution from
these processes too.
Using the above mentioned possible origin of high energy neutrino flux from GRBs and the
best fit values of neutrino oscillation parameters (1), we show that the individual neutrino
flux can change significantly from the ones expected from standard oscillation paradigm.
More specifically, the scenario of neutrino decay can change the expected flux to a great
extent, wheareas the changes in the scenario of sterile neutrino and pseudo-dirac neutrino
are somewhat moderate and should be detectable in future neutrino telescopes.
This paper is organized as follows: In section II, we discuss the possible ways high energy
neutrinos can originate in GRBs. Then we discuss the change in neutrino flux due to
standard as well as non-standard oscillations in section III and finally conclude in section
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IV.
II. HIGH ENERGY NEUTRINOS FROM GAMMA RAY BURSTS
In calculating the high energy neutrino flux from individual GRBs we have used the
method as in ref. [51]. Frames of references are assigned as “c” for comoving or wind rest
frame, “p” for proton rest frame. Quantities measured in the source rest frame are written
without any subscript. Shock accelerated high energy protons interacting with low enrgy
photons will produce high energetic muons, pions, neutrons and kaons. We have used the
low energy photon flux typically observed by Swift in the energy range of 1 KeV to 10
MeV to calculate the neutrino flux from individual GRBs with break at ǫbγ in the source rest
frame related to the break energy in the comoving frame ǫbγ,c as ǫ
b
γ = Γǫ
b
γ,c.
dnγ
dǫγ,c
= A


ǫγ,c
−γ1 ǫγ,c < ǫ
b
γ,c
ǫbγ,c
γ2−γ1ǫγ,c
−γ2 ǫγ,c > ǫ
b
γ,c
(2)
γ1 < 2, and γ2 > 2. The normalization constant A is related to the internal energy density
U by,
A =
Uǫbγ,c
γ1−2
[ 1
γ2−2
− 1
γ1−2
]
The maximum energy of the shock accelerated protons in the GRB fireball can be calculated
by comparing the minimum of the pγ interaction time scale (tpγ), p-synchrotron cooling time
scale (tsyn) and dynamical time scale (tdyn) of a GRB with the acceleration time scale (tacc)
of the protons as discussed in [52].
tacc = min(tpγ , tdyn, tsyn) (3)
We have considered production of pions in pγ interactions with two particle final states
through the decay of resonant particle ∆+. At the delta resonance both π0 and π+ have
been assumed to be produced with equal probabilities. π+ gets on the average 20% of the
proton’s energy. The charged pions decay to muons and neutrinos. Finally the muons decay
to electrons and neutrinos, antineutrinos. Each pion decay followed by muon decay gives two
neutrinos, one antineutrino and one positron. If the final state leptons share the pion energy
equally then each neutrino carries 5% of the initial proton’s energy. The specific parameters
of GRBs can be denoted as the following way, the fireball Lorentz factor Γ300 = Γ/300,
4
photon luminosity Lγ,51 = Lγ/(10
51ergs /sec), variability time tv,−3 = (tv/10
−3sec) are the
important parameters of a GRB. The internal energy density U relates to photon luminosity,
Lγ = 4πrd
2Γ2cU . rd = Γ
2ctv is the internal shock radius.
The total energy to be emitted by neutrinos of energy ǫν,π from photo-pion decay (con-
sidering muon and pion decay neutrinos together) in the source rest frame of a GRB is
[38],
ǫ2ν,π
dNν
dǫν,π
≈
3fπ
8κ
(1− ǫe − ǫB)
ǫe
Eisoγ


1 ǫν,π < ǫ
s
ν,µ(
ǫν,π
ǫsν,µ
)−2
ǫν,π > ǫ
s
ν,µ
(4)
where Eisoγ is the total isotropic energy of the emitted gamma-ray photons in the energy
range of 1keV to 10MeV, which is available from observations. It is the product of Lγ with
the duration of the prompt emission from the GRB. ǫe and ǫB are the energy fractions carried
by electrons and the magnetic field respectively. The maximum energy of neutrinos from
pion decay is approximately 5% of the maximum energy of protons (ǫp,max). ǫ
s
ν,µ presents
the neutrino energy where muon synchrotron cooling starts.
Ultrahigh energy neutrons are also produced in pγ interactions along with pions and
kaons. These neutrons (with Lorentz factor Γn) decay (n → p+ e
−+ νe) to ν¯e with a decay
mean free path cΓnτ¯n = 10(ǫn/EeV ) Kpc. τn = 886 seconds is the lifetime of a neutron
in its rest frame and ǫn is its energy in the source rest frame. Assuming the probability of
production of neutrons in resonant pγ interactions to be half one would be able to calculate
the fraction of a proton’s energy lost to neutron production in the process pγ → π+n at the
∆−resonance [48] as,
fn(ǫp) = f
n
0


1.34γ1−1
γ1+1
(
ǫp
ǫb
p,∆
)γ1−1
ǫp > ǫ
b
p,∆
1.34γ2−1
γ2+1
(
ǫp
ǫb
p,∆
)γ2−1
ǫp < ǫ
b
p,∆
(5)
where fn0 = ξn
4.5Lγ,51
Γ4
300
tv,−3ǫbγ,MeV
1[
1
γ2−2
− 1
γ1−2
] and ξn = 0.8. And the energy flux of antineutrinos
of energy ǫν¯,n can be estimated with the neutron flux (dNn/dǫn) at the source rest frame
travelling a distance Ds [53] as,
ǫ2ν¯,n
dNν¯
dǫν¯,n
(ǫν¯,n) =


ǫn,max∫
mn ǫν¯,n
2 ǫ0
dǫn
ǫn
dNn
dǫn
(
1− e−
Dsmn
ǫn τn
) mn
2 ǫ0

× ǫ2ν¯,n. (6)
ǫ0 is the mean energy of an antineutrino in the neutron rest frame.
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In pγ interactions charged kaons (K+) are produced through the following interactions
pγ → K+Λ0 and pγ → K+Σ0. Although the cross-sections of these interactions are lower
compared to photo-pion production [54], at very high energy the total neutrino flux produced
through kaon decay becomes higher than that from photo-pion decay [49, 55]. The fractional
energy transferred from shock accelerated protons to kaons has been calculated for all the
channels of K+ from both resonant and multiparticle production from pγ interaction as [51].
K+ decay to secondary neutrinos by the following channels, K+ → µ+νµ(63%), π
+π0(21%),
π+π+π−(6%), π0e+νe(5%), π
0µ+νµ(3%) and π
+π0π0(2%). Due to their heavier mass K+
cools at higher energy compared to muon and pion. The synchrotron cooling break energy
in the kaon spectrum is at
ǫsK = 2.2× 10
9ǫ1/2e ǫ
−1/2
B L
−1/2
γ,51 Γ
4
300tv,−3GeV. (7)
It is derived by comparing the decay and cooling time scales of kaons. Although the cross-
section of kaon production is much less than that of pion production, the neutrino flux from
kaon channel exceeds the flux from pion channel at very high energy due to the slower rate
of cooling of kaons.
Neutral kaons are produced in pγ interactions with a cross-section σK0,Σ ≈ 0.6 × 10
−30
cm2 [56] at the peak energy ǫ0
K0 = 1.45 GeV and width δǫK0 = 0.7 GeV. Half of the neutral
kaons are assumed to be long lived kaons (K0L). K
0 can be produced in pγ interactions
with multiparticle final states (pγ → K0SΛ
0π+, K0LΛ
0π+ and K0SΣ
+π0). The cross-sections
of these interactions are measured as 0.5 × 10−30cm2, 0.5 × 10−30cm2 and 0.2 × 10−30cm2
respectively [56]. K0L decays through the following channels π
+e−ν¯e(39%), π
+µ−ν¯µ(27%),
π0π0π0(21%), and π+π−π0(13%). K0S decays to two charged pions through this channel
π+π−(69%). The pions finally decay to neutrinos and antineutrinos. The total neutrino
flux from K0L and K
0
S can be calculated in the same way as K
+.
The observed total neutrino flux with energy ǫobν on earth is,
dNobν (ǫ
ob
ν )
dǫobν
=
dNν(ǫν)
dǫν
1 + z
4πD2s
(8)
where z is the redshift of the GRB.
Our calculations are based on the standard internal shock model of GRBs. In internal
shocks the shock radius rd is related to the bulk Lorentz factor Γ and variability time tv,
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rd = Γ
2ctv, where c is the speed of light. We have not assumed any relation among the GRB
parameters Γ and isotropic energy [57–59] or peak luminosity and observed break energy in
the low energy photon spectrum [59]. We have taken the following 4 set of GRB parameters
to calculate the neutrino flux.
1. γ1 = 1, γ2 = 2.2, Lγ = 10
53 erg/sec, Γ = 600, tv = 20 msec, ǫ
b
γ = 0.5MeV , ǫB/ ǫe = 1,
f 0π = 0.09 and rd = 2.16× 10
14 cm.
2. γ1 = 1.2, γ2 = 2.5, Lγ = 10
53 erg/sec, Γ = 600, tv = 20 msec, ǫ
b
γ = 0.5MeV , ǫB/
ǫe = 10, (ǫB = 0.6, ǫe = 0.06), f
0
π = 0.17 and rd = 2.16× 10
14 cm.
3. γ1 = 1.8, γ2 = 2.01, Lγ = 5× 10
51 erg/sec, Γ = 130, tv = 25 msec, ǫ
b
γ = 0.5MeV , ǫB/
ǫe = 1, f
0
π = 0.16 and rd = 1.26× 10
13 cm.
4. γ1 = 1.2, γ2 = 2.2, Lγ = 10
54 erg/sec, Γ = 1000, tv = 20 msec, ǫ
b
γ = 0.5MeV , ǫB/
ǫe = 1, f
0
π = 0.12 and rd = 6× 10
14 cm.
III. EFFECT OF NEW PHYSICS ON GRB NEUTRINOS
A. Standard Neutrino Oscillation
Neutrino oscillation data clearly indicate the smallness of three Standard Model neutrino
masses [1–4] which can be naturally explained via see-saw mechanism [6–9]. Without using
any particular type of seesaw, here we use the most general neutrino mixing MNS matrix
[60] and the standard vacuum oscillation probability given by
P (να → νβ;L) = δαβ −
∑
j 6=k
U∗αjUβjUαkU
∗
βk(1− e
−i∆EjkL) (9)
where Uαi is an element of the the MNS matrix, α, i denoting flavor and mass eigenstates
respectively. For cosmological distances like the typical distance of a GRB from earth we
can assume the limit L→∞ which simplifies the above expression for probability to
P (να → νβ) =
∑
j
|Uαj|
2|Uβj|
2 (10)
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FIG. 1: Total muon neutrino flux on earth for standard oscillation i.e., without decay (labelled as
WOD) and for neutrino decay scenario in NH regime
The role of standard neutrino oscillation on ultra high energy neutrino flux from GRB’s were
studied earlier in [61, 62]. These studies concluded that the neutrino flavor ratio 1 : 2 : 0 at
source would reduce to 1 : 1 : 1 at earth due to oscillations. The neutrinos while coming from
a distance of z will undergo oscillation. We have taken the standard oscillation parameters
along with the recent calculated value of sin22θ13 = 0.1, where θ13 is the neutrino mixing
angle measured by Double ChooZ [12], Daya-Bay [13] and RENO [14] collaborations and
other oscillation parameters from global fit data [15].
10-9
10-8
10-7
10-6
10-5
10-4
10-3
103 104 105 106 107 108 109 1010 1011 1012
ε νo
b2
 
dN
νob
/  
dε
νob
 
[G
eV
 cm
-
2  
]
εν
ob
 [GeV]
[a]
WODνe
WODνµ
WODντ
WDνe
WDνµ
WDντ
 0.3
 0.35
 0.4
 0.45
 0.5
 0.55
 0.6
 0.65
 0.7
105 106 107 108 109 1010 1011
Φ
ν µ
/[Φ
ν e
+
Φ
ν τ
]
εν
ob
 [GeV]
[b]
Normal neutrino
Neutrino decay, τ/m=100 s/eV
FIG. 2: (a) Electron, muon and tau neutrino flavor composition for standard oscillation (WOD)
and for neutrino decay scenario (WD) for τ3/m3 = τ2/m2 = τ1/m1 = 100 for GRB 1. (b) Neutrino
flavor flux ratio for the GRB 1
B. Neutrino Decay
If the neutrino mass eigenstates are hierarchical, then a higher mass eigenstate can decay
into a lower mass eigenstate. The role of such neutrino decay on neutrino flavor flux was
studied in [16]. Here we consider the simplest possible situation where the heavier mass
eigenstate completely decays into the lightest mass eigenstate which is kinematically stable.
Thus in case of normal hierarchy (NH)mν3 > mν2 > mν1 , the mass eigenstate ratio at earth
will be 1 : 0 : 0. Hence the flavor ratio at earth will be 0.67 : 0.26 : 0.07 for NH .
For incomplete decay, we have to include the decay factor in the expression for probability
of oscillation. This decay factor which accounts for the depletion in neutrino flux due to
the decay of mass eigenstate mi with rest-frame lifetime τi and energy E propagating over
a distance L, is exp(−L
E
mi
τi
). The expression for neutrino flux at earth in this case becomes
φνα(E) =
∑
i
∑
β
φ0β(E)|Uβi|
2|Uαi|
2e
− L
E
mi
τi (11)
where φ0β denotes the flux of neutrino flavor β at source. Taking the flavor ratio at source
to be x : y : z and using the oscillation parameters as in [15], we compute the flux for
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FIG. 3: Total muon neutrino flux on earth for standard oscillation (SO) and for Pseudo dirac
neutrino scenario
different neutrino flavors at earth. For the purpose of our calculation we consider three
cases τ3/m3 = τ2/m2 = τ1/m1 = 0.01, 10, 10
4 s/eV respectively as shown in figure 1. Also,
the electron, muon and tau flavor composition of neutrino flux on earth is shown for one
specific choice of GRB parameters as well as τ/m in figure 2 (a). We also show the flavor
ratio of muon type to electrom plus tau type neutrinos in figure 2 (b) for the same choice of
GRB parameters.
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oscillation (SO) and for Pseudo dirac neutrino scenario (PD) δm21,2 = 10
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C. Pseudo Dirac Neutrinos
Instead of a being purely Dirac with a mass mD, neutrino can be a mixture of two almost
degenerate Majorana neutrinos. Please see [21] for the role of pseudo Dirac neutrinos in ultra
high energy neutrino flux and references therein for earlier works on pseudo Dirac neutrinos.
In such a case the majorana mass terms mL, mR ≪ mD and the the mass splitting is δm
2 ≃
2mD(mL+mR). Thus the neutrino mass and flavor basis become (ν
+
1 , ν
+
2 , ν
+
3 , ν
−
1 , ν
−
2 , ν
−
3 ) and
(νe, νµ, ντ , ν
′
e, ν
′
µ, ν
′
τ ) respectively. As shown in [21], the neutrino flavor conversion probability
can have a form as simple as
Pαβ =
∑
α
3∑
j=1
|Uαj |
2|Uβj |
2 cos2(
δm2jL
4E
) (12)
The new constribution coming from pseudo Dirac nature of neutrinos will be negligible until
E/L becomes of the order of δm2j . δm
2 can be as large as 10−12eV2 for ν1,2 and as large
as 10−4eV2 for ν3. Taking the initial neutrino flavor ratio at source to be x : y : z and
using the same neutrino oscillation parameters as in [15] we find the probability of detecting
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FIG. 5: Total muon neutrino flux on earth for normal oscillation (SO) and for one extra sterile
neutrino (SN) case
individual flavors on earth. Here we use δm21,2 = 10
−14, 10−12 eV2, δm23 = 10
−6 eV2 for the
purpose of our calculation. L can be taken to be 100Mpc which is the typical distance of a
GRB from earth. The consequences of this pseudo-dirac nature of neutrinos on the muon
neutrino flux on earth is shown in figure 3. The electron, muon and tau flavor composition
of neutrino flux for one specific GRB parameter and δm2 is shown in figure 4 (a). We also
show the flavor ratio of muon type to electrom plus tau type neutrinos in figure 4 (b).
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FIG. 6: (a) Electron and muon flavor composition of neutrino flux on earth for normal oscillation
(SO) and for one extra sterile neutrino (SN) case for Si = 0 .5 for GRB 1. (b) Neutrino flavor flux
ratio for the GRB 1
D. Presence of Sterile Neutrinos
Precision measurement of the Z boson decay width restricts the number of standard model
neutrinos to three. However we can still have an eV scale neutrino which has no coupling
to the Z boson and hence called sterile. The presence of such a sterile neutrino is also
compatible with the recent Wilkinson Microwave Anisotropy Probe (WMAP) collaboration
data [63] with 95% allowed mass range < 0.48 eV [64].
The effect of sterile neutrino on ultra high energy neutrino flux was studied earlier in
[20]. We follow their approach and use the recent oscillation data [15] to see the effect of
such sterile neutrinos on the neutrino flux coming from GRBs. As considered in [20], we
also consider the presence of a sterile neutrino which is almost degenerate with the lightest
active neutrino mass eigenstate. Interestingly, if the mass difference is δm2 ≤ 10−11 GeV
then there is no experimental constraint on the mixing angles of this sterile neutrino with
the three active ones. As outlined in [20], the simplified oscillation probability for 3 + 1
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neutrino scheme is
Pαβ = S1|Uα1|
2|Uβ1|
2 + S2|Uα2|
2|Uβ2|
2 + S3|Uα3|
2|Uβ3|
2 (13)
where Si = cos
4 φi + sin
4 φi and φi is the mixing angle between the active neutrino mass
eigenstate νi and the sterile state νs. In general Si factors can vary in the range
1
2
≤ Si ≤ 1.
Taking the flavor ratio at source to be x : y : z and using the neutrino oscillation data
from [15] we find the probability of individual neutrino flavors at earth. For zero mixings
that is, φi = 0, the flavor ratios correspond to the standard oscillation as discussed earlier.
To show the extent to which the presence of sterile neutrino can affect the flavor fluxes we
plot the total muon neutrino flux on earth for two different cases Si = 0.5, 0.8 and compare
with the standard predictions as shown in figure 5. The maximum value of this parameter
S = 1 reproduces the standard oscillation results as seen from figure 5. We also show the
electron, muon and tau flavor composition of neutrino flux on earth in figure 6 (a). We
also show the flavor ratio of muon type to electrom plus tau type neutrinos in figure 6
(b). It should be noted that a larger (∼ eV2) mass difference between the active and the
sterile mass eigenstate has other interesting motivations like explaining the anomalies found
in MiniBooNE [65] and LSND [66] which we do not attempt to explain here. In case of
larger mass difference, the mixing angles between active and sterile neutrinos will be tightly
constrained and hence will not affect the flavor ratios of ultra high energy neutrinos.
IV. RESULTS AND DISCUSSION
We have presented an analysis of the effect of three different new physics scenarios namely,
neutrino decay, pseudo Dirac nature and presence of one light sterile neutrino on the flux of
high energy neutrinos coming from GRB’s. We first calculate the GRB neutrino flux from
various sources like pion, muon, neutron and kaon decays by choosing four sets of GRB
parameters. We then incorporate the standard neutrino oscillation between all three flavors
(electron, muon and tau) and calculate the total muon flux on earth as well as the flavor
composition. We show that different choices of GRB parameters can give rise to different
neutrino flux on earth.
After calculating the neutrino flux on earth using standard neutrino oscillation physics,
we then incorporate the three beyond standard model frameworks mentioned above to calcu-
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late the total muon flux on earth as well as the flavor composition. We find that for neutrino
decay scenario, the changes in neutrino flux from the standard oscillation case can be very
significant and could give rise to an explanation of the present non-detection of GRB neutri-
nos at IceCube experinet. However for other two beyond standard model physics scenarios
we consider namely, for pseudo Dirac and sterile neutrino cases, the changes are moderate.
For the standard oscillation case, we get three plateau regions in the flavor ratio plot as
can be seen in part (b) of figure 2, 4 and 6. At lower energy, the neutron decay channel
dominates while the muon damping corresponds to the transition to the second plateau
region. As can be seen from the same figures, for the three beyond standard model scenarios
the flavor ratio plot changes from the standard oscillation case.
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